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Background
Incident Heat Flux
Applied Cooling
Substrate
Coating
Temperature variation within
a cooled CMC turbine component
• Cooled CMC turbine components are subjected to thermal gradients, 
thermal shock, and high heat flux in addition to superimposed 
mechanical loads
• Understanding and modeling  CMC behavior/durability under these 
conditions are essential for utilizing CMCs in next generation turbine 
components
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Objectives
• Evaluation of uncoated, ceramic matrix composites (CMCs) (for 
example, SiC/SiC composites) under steady thermal gradients with 
superimposed mechanical loads such as tensile creep and sustained-
peak low-cycle fatigue (SPLCF)
• This study does not evaluate the effect of rapid thermal shock on  
CMCs
• Goal is to understand the thermal gradient sustaining capability of 
uncoated, SiC/SiC composites with different fiber architectures and 
matrices
• This study is a precursor to evaluate EBC coated CMC systems under 
thermal gradient conditions in the future
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Laser Test Rig:
• Laser Heating (4000 W) on Front Side
• Backside Air Cooling 
• Surface Temperature Measured with
Pyrometers and/or IR Camera
• Surface Temperatures up to 1649 °C (3000 °F)
[Material Dependent]
• Thermal Fatigue and Combined Thermal
Gradient and Creep or Axial Fatigue
(HO)
(H2O)
Mechanical Testing of CMCs under Thermal Gradient Conditions 
• Servohydraulic Test Rig, 25 kN Load Cell
• Water-cooled Wedge Grips
• Two 1 in. Gage Length, Water-Cooled 
Extensometers; 6 in. Long Tensile Specimens
• Frequencies up to 30 Hz
• Load and Stroke Control
• Uncoated and EBC Coated SiC/SiC Composites
6DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.
Materials Systems, Specimens, and Test Conditions
• SiC/SiC composites with 2D and 3D fiber architectures 
• 2D balanced architecture CMCs fabricated with MI, CVI, PIP, and hybrid 
(CVI+PIP) techniques 
• 3D fiber weave (angle interlock) CMCs fabricated with MI and hybrid 
methods
• Tensile specimens with 25.4 mm (1 in.) uniform gage length [Overall length: 
152 mm (6 in.), gage section width: 10.2 mm (0.4 in.), and as-received 
thickness: approx. 2 mm (0.079 in.)]
• Thermal gradient (TG) in each CMC specimen was generated with constant 
laser power on front side and backside air cooling 
• Creep behavior at 69 MPa (10 ksi) under TG conditions up to 80 hours [first 
load segment]
• Tensile dwell fatigue behavior at 69 MPa (10 ksi) peak stress under TG 
conditions up to 80 hours (8 hour hold at the peak tensile stress; a total of 
10 cycles) [second load segment]
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Mechanical Loading Conditions
• 2D balanced architecture CMCs with MI, CVI, PIP, and hybrid 
(CVI+PIP) matrices 
• 3D fiber weave (angle interlock) CMCs fabricated with MI and hybrid 
matrices
• No specimen failures were observed after completing two loading 
segments (creep and SPLCF) at 69 MPa (10 ksi) for 160 hours; 
additional creep and/or SPLCF loading segments applied on some 
specimens
Creep – First Loading Segment (80 h) SPLCF – Second Loading Segment (80 h)
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Comparison of Durability for Monolithic SiC and CMCs
Tensile Creep and SPLCF under Thermal Gradient Conditions
• Monolithic SiC (Hexoloy) specimen failed before reaching 69 MPa (10 ksi) under TG 
conditions 
• Both 2D balanced and 3D woven MI CMC specimens completed 320 hours of testing without 
failure 
• Among 2D balanced fiber architecture CMCs, PIP matrix CMC displayed lowest durability 
(160 hours) compared to both CVI and hybrid (CVI+PIP) matrices (240 hours) under TG 
conditions
• 3D Woven hybrid (CVI+PIP) CMC exhibited highest durability (320 hours) under TG conditions 
Material
Front 
Side 
Temp.
Back 
Side 
Temp.
∆T
Creep at 
69 MPa 
for 80 h
SPLCF at 
69 MPa 
for 80 h
Creep at 
69 MPa 
for 80 h
Creep at 
103 MPa 
for 80 h
SPLCF at 
103 MPa 
for 80 h
[°C] [°C] [°C]
Monolithic SiC (Hexoloy) 1316 1232 84 X
2D Balanced MI 1316 1316 0  NA NA  NA
2D Balanced MI 1316 1232 84   NA  
3D Woven MI 1316 1223 93   NA  
2D Balanced PIP 1482 1360 122   X
2D Balanced CVI 1482 1363 119    X
2D Balanced Hybrid (CVI+PIP) 1482 1309 173   NA  NA
3D Woven Hybrid (CVI+PIP) 1482 1338 144     NA
3D Woven Hybrid (CVI+PIP) 1482 1482 0  NA NA NA NA
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Thermal Gradient Test with Tensile Creep at 69 MPa (10 ksi)
Front Side 1316 °C (2400 °F) and Back Side 1213 °C (2215 °F)
Strain (Front Side)
Temperature (Back Side)
Temperature (Front Side)
Strain (Back Side)
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Thermal Gradient Test with Tensile Dwell at 69 MPa (10 ksi)
Front Side 1482 °C (2700 °F) and Back Side 1360 °C (2480 °F)
Strain (Front Side)
Temperature (Front Side)
Temperature (Back Side)
Strain (Back Side)
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Tensile Creep and SPLCF at 69 MPa (10 ksi) - Maximum Stress
Maximum Temperature 1482 °C (2700 °F)
• For 3D weave, hybrid (CVI+PIP) matrix CMCs, creep strain in SPLCF conditions (8 hours 
hold/cycle) is slightly higher than that observed in tensile creep under thermal 
gradient conditions
Note:  For TG tests, average values of tensile strains from FS and BS extensometers are plotted
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3D Weave Hybrid (CVI+PIP) SiC/SiC Specimen
Front Side: 1482 °C; Back Side: 1338 °C; and ∆T = 144 °C
• All CMC specimens were heat treated in a furnace for 48 hours prior 
to thermal gradient testing
Before TG testing (as heat treated) After testing for 80 hours in creep at 69 MPa 
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Tensile Creep & SPLCF at 69 MPa (10 ksi)
Maximum Temperature 1316 °C (2400 °F)
• 2D MI CMC, exhibited higher cumulative creep strain after 160 hours under thermal 
gradient conditions possibly due to damage incurred in SPLCF loading segment
• Cumulative creep strains for 3D MI CMC under thermal gradient conditions and 2D MI 
CMC under isothermal condition are similar after 160 hours
Note:  For TG tests, average values of tensile strains from FS and BS extensometers are plotted
Creep SPLCF
Creep
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Tensile Creep at 103 MPa (15 ksi)
Maximum Temperature 1316 °C (2400 °F)
• For MI CMCs, creep strain under isothermal conditions is significantly higher than 
under thermal gradient conditions
• Creep strains for 2D and 3D MI CMCs under thermal gradient conditions are similar
Note:  For TG tests, average values of tensile strains from FS and BS extensometers are plotted
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Tensile Creep & SPLCF at 69 MPa (10 ksi)
Maximum Temperature 1482 °C (2700 °F)
• For Hybrid (CVI+PIP) CMCs, cumulative creep strain under isothermal condition is 
higher after 160 hours compared to cum. creep strains observed under TG conditions
• Cum. creep strain for the 2D Hybrid CMC after 160 hours is slightly higher than the 
corresponding value observed for the 3D Hybrid CMC under TG conditions
Note:  For TG tests, average values of tensile strains from FS and BS extensometers are plotted
Creep SPLCF
Creep
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Tensile Creep & SPLCF at 69 MPa (10 ksi)
Maximum Temperature 1482 °C (2700 °F)
• After 160 hours, among 2D balanced fiber architecture CMCs, PIP matrix resulted in 
highest cum. creep strain compared to both CVI and hybrid (CVI+PIP) matrices under 
TG conditions (PIP matrix contains cracks and results in load transferred to the fibers)
• CVI and hybrid (CVI+PIP) matrices resulted in similar creep strains up to 80 hours 
under TG conditions, after which CVI exhibited higher tensile strain than the hybrid 
(CVI+PIP)
Note:  For TG tests, average values of tensile strains from FS and BS extensometers are plotted
Creep SPLCF
17DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.
Tensile Creep & SPLCF at 69 MPa (10 ksi)
Thermal Gradients and Cumulative Strains after 160 Hours
• For MI CMCs, 2D balanced MI CMC exhibited highest cum. strain under TG conditions, 
which is higher than corresponding strain under isothermal condition
• Among 2D balanced fiber architecture CMCs, PIP matrix displayed highest cum. strain 
compared to both CVI and hybrid (CVI+PIP) matrices under TG conditions
• For Hybrid (CVI+PIP) CMCs, cum. strain under isothermal condition is higher 
compared to cum. strains observed under TG conditions
• 3D Woven CMCs exhibited lower cum. strains under TG conditions for both MI and 
hybrid (CVI+PIP) matrices
Note:  For TG tests, average values of tensile strains from FS and BS extensometers are shown
Material Front Side Temp.
Back Side 
Temp. ∆T
Cum. Strain 
after 160 Hours
[°C] [°C] [°C] [%]
2D Balanced MI 1316 1316 0 0.094
2D Balanced MI 1316 1232 84 0.115
3D Woven MI 1316 1223 93 0.089
2D Balanced PIP 1482 1360 122 0.206
2D Balanced CVI 1482 1363 119 0.134
2D Balanced Hybrid (CVI+PIP) 1482 1309 173 0.101
3D Woven Hybrid (CVI+PIP) 1482 1338 144 0.086
3D Woven Hybrid (CVI+PIP) 1482 1482 0 0.332
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Summary
• Evaluated behavior of uncoated, SiC/SiC composites under steady 
thermal gradients with superimposed mechanical loads up to 160 
hours - creep and SPLCF
• Thermal gradient (TG) in each CMC specimen was generated with 
constant laser power on front side and backside air cooling
• Six different SiC/SiC composite systems were investigated: 2D 
balanced CMCs with MI, CVI, PIP, and hybrid (CVI+PIP) matrices and 
3D fiber weave (angle interlock) CMCs with MI and hybrid matrices
• No CMC specimen failures were observed after completing the two 
loading segments at 69 MPa (Creep for 80 hours and SPLCF for 80 
hours) for a total of 160 hours under TG conditions
• In comparison, monolithic SiC specimens (Hexoloy) failed before 
reaching 69 MPa (10 ksi) under TG conditions.  Any type of SiC/SiC
CMC has far superior durability under TG conditions than monolithic 
CMC  
19DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited.
Summary (Continued)
• Dr. Joseph E. Grady (NASA GRC)
• Ronald E. Phillips (Vantage Partners, LLC., NASA GRC)
• Robert T. Pastel (Retired; Previously with HX5 Sierra, NASA GRC)
Acknowledgements
• Cumulative strain observed after 160 hours of testing at 69 MPa was 
highest for 2D Balanced CMC under TG conditions for MI CMCs, 
whereas for hybrid (CVI+PIP) CMCs, cum. strain under isothermal 
condition was the highest compared to cum. strains observed under 
TG conditions
• For 2D balanced fiber architecture CMCs, hybrid (CVI + PIP) matrix is 
better than either CVI or PIP matrix for creep & SPLCF durability 
under TG conditions
• For CMCs, 3D fiber architecture is better for creep & SPLCF durability 
than 2D architecture under TG conditions
